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 ABSTRACT  
Indonesia is an archipelago state lies between Indian and Pacific Oceans at the South East Asia region. 
Its unique geomorphological and geographical setting affect variabilities of instantaneous sea surface height 
(ISSH) concering to one of the sea reference surface i.e mean sea surface height (MSSH). The differences 
between both heights, known as sea level anomaly (SLA), can be recognized as one of the parameter that 
describes the dynamic phenomena of the ocean. We investigated the Spatiotemporal characteristics of long-
term SLA in this research based on 30 years of sea-level data derived from the multi-mission of satellite 
Altimetry (Topex/Poseidon, Jason-1, Jason-2 and Jason-3). The Spatiotemporal of SLA characteristics in 
Indonesian waters indicate substantial variations due to the influences of geographical location, bathymetric 
depth, and seasonal patterns. The SLA rate in the Indonesian region provides values that vary between 3.4 
mm/yr to 5.3 mm/yr that higher than 3.2 mm/yr global SLA rate. The impact caused by the phenomenon 
needs to be taken into account given the vulnerability and disaster that could endanger the islands and coastal 
area in Indonesia.  
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 ABSTRAK   
Indonesia adalah negara kepulauan di kawasan Asia Tenggara yang terletak di antara Samudra Hindia 
dan Pasifik. Tatanan geomorfologis dan geografisnya yang unik mempengaruhi variabilitas ketinggian 
permukaan laut sesaat (ISSH) relatif terhadap salah satu permukaan referensi ketinggian yaitu ketinggian 
permukaan laut rata-rata (MSSH). Perbedaan antara kedua sistem tinggi ini, yang dikenal sebagai anomali 
permukaan laut (SLA), yang menjadi salah satu parameter utama yang menggambarkan fenomena dinamika 
laut. Karakteristik spatio-temporal dari SLA jangka panjang dalam penelitian ini diestimasikan berdasarkan 
pada 30 tahun data permukaan laut yang berasal dari multi-misi satelit Altimetri (Topex/Poseidon, Jason-1, 
Jason-2 and Jason-3). Karakteristik spasio temporal SLA di wilayah perairan Indonesia dari hasil penelitian ini 
menunjukkan variasi akibat pengaruh letak geografis, kedalaman bathimetrik serta pola musiman. Kecepatan 
SLA di wilayah Indonesia memberikan nilai yang bervariasi antara 3,4 mm/th sampai dengan 5,3 mm/th, 
dimana nilai tersebut lebih tinggi dibandingkan kecepatan SLA global 3,2 mm/th. Dampak yang diakibatkan 
oleh fenomena tersebut pada saat ini perlu menjadi perhatian mengingat kerentanan dan kebencanaan yang 
dapat membahayakan wilayah pesisir dan kepulauan di Indonesia.   
Kata kunci: Indonesia, anomali muka air laut, altimetri  
INTRODUCTION  
Indonesia is an archipelagic country in the 
equatorial region that lies between the Indian and 
Pacific oceans. Its geographical setting will affect 
variabilities of deviation between time-independent 
instantaneous sea surface heights (ISSH) concering 
to the mean sea surface height (MSSH), we call it 
as sea level anomaly (SLA). SLA is one of the 
oceanic parameters that very important in the ocean 
dynamics and its possible hazards. Four main 
important subjects that need SLA information: sea-
level rise study, ocean circulation, tidal modeling, 
and geoid computation. From various literatures (O. 
B. Andersen & Scharroo, 2011; Church & White, 
2011; IPCC, 2007; IPCC Working Group 1 et al., 
2013; Legeais et al., 2018; Mackay, 2008), it is 
known that sea-level rise phenomenon has occurred 
as a result of the increasing global temperature with 
global rate for about 3.2 mm/yr. This phenomenon 
can harm the island and coastal areas in Indonesia 
where residential and livelihood areas lie. 
Therefore, it is very important to study the SLA in 
the territory of Indonesia water as early as possible 
to be able to design and realize the management of 
mitigation. In the latest three decades, satellite 
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Altimetry measurements have been used to derive 
SLA with promising accuracy. Altimetry satellite data 
are distributed through agencies like National 
Oceanic and Atmospheric Administration (NOAA); 
Archiving, Validation and Interpretation of Satellites 
Oceanographic data (AVISO); European 
Meteorological Satellite (EUMETSAT) and Physical 
Oceanography Distributed Active Archive Center 
(PO.DAAC). Duration of the distributed data already 
reaches 1 full period (18.6 years) of the longest tidal 
wavelength, which means that one can get a more 
precise interpretation of the full tidal characteristics 
in any area of the ocean, especially in the open and 
deep sea.  
Nowadays we can study environmental 
geography using satellite to study conducted on SLA 
in Indonesia region using clean long-term (full 
period) based on altimetry multi-mission satellite 
data. Therefore, in this research, we study Spatio-
temporal characteristics of long-term SLA based on 
almost 30 years of sea-level data (1992-2018) 
derived from multi-mission of satellite Altimetry 
collected in Radar Altimeter Database System 
(RADS). Delft Institute for Earth-Oriented Space 
Research (DEOS) and the NOAA Laboratory for 
Satellite Altimetry are developed the RADS. Such a 
database is established in a harmonized, validated 
and cross-calibrated sea-level database from all 
satellite altimeter missions. The method is applied 
in this article after database extraction is purely a 
geometric-geodetic strategy that estimate the ISSH, 
MSSH and SLA at each footprint of multi-mission 
satellite including its cross-over points, and then 
interpolated it to other position that has no 
footprint. The investigation area for full long-
wavelength period of the signal is chosen in several 
positions in the Indonesia area, which represent 
different characteristics of the specific geographic 
and bathymetric features.  
METHOD  
Altimetry satellites in the science of geodesy 
are used to determine the Sea Surface Dynamic 
Topography (DT) from Ellipsoidal reference surface 
area and Instantaneous Sea Surface Height (ISSH) 
from the geoid reference surface plane (O. 
Andersen, Knudsen, & Stenseng, 2016; Ole B. 
Andersen & Knudsen, 2009). These two sea 
surfaces are then used for various purposes both 
scientific and engineering depending on needs. This 
vertical distance or height determination uses the 
basic principles of Satellite Altimetry measurement 
which have been described from various 
researchers (O. B. Andersen & Scharroo, 2011; Fu 
& Cazenave, 2000), namely based on the difference 
between the height of the satellite with respect to 
ellipsoid reference surface with the vertical distance 
observed from the travel time of satellite Altimetry 
to the instantaneous sea level surface (Figure 1), 
and providing various corrections to the geophysical 
signal to obtain an accurate ISSH value. 
 
Source: Fu and Cazenave, 2001 
Figure 1.  Principle of satellite altimetry. 
The altimetry satellite data used in this study, 
from the various types of altimetry satellite data in 
RADS, are Topex/Poseidon, Jason-1, Jason-2 and 
Jason-3 from 1992 to 2018. The selection of these 
satellite data types is based on the long-term 
duration of satellite observation and continuation of 
the satellite mission and is expected to obtain a 
long-term pattern of SLA signals in Indonesian 
water. These five satellite data are integrated using 
a colinear track to a normal reference point with a 
5 km radius of data closes to cross over points. The 
MSSH value is obtained by averaging the daily ISSH 
value for each month period, and Figure 2 shows 
the result of the MSSH value estimation from 1992 
to 2018 in Indonesia water. Then the SLA value is 
obtained from the following Equation 1. 
𝑆𝐿𝐴 = (𝐼𝑆𝑆𝐻 − 𝑅𝑐𝑜𝑟𝑟) − 𝑀𝑆𝑆𝐻……………………… (1) 
 
Figure 2.  Mean sea surface height of Indonesia from 1992-2018. 
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This SLA value is then described spatially and 
temporally to obtain phenomenon related to 
variations of SLA. The correction values and models 
applied from RADS 𝑅𝑐𝑜𝑟𝑟 in our research include 
EIGEN GL04C orbit / gravity fields, Atmospheric 
pressure grid - ECMWF dry troposphere and all 
satellite data of wet troposphere, NIC08 Ionosphere 
parameter, IB Model – local pressure Inverse 
Barometer, M0G2D Dynamic atmosphere, elastic 
response to tidal potential solid earth tide, G0T4.8 -
ocean-pole, Polar Wobble pole tide, CLS non 
parametric sea state bias, DTU10 MSSH Reference, 
applied switching flag and bias reference frame. 
The coverage area of research is between -
15S/95E to 15N/150E with 15-sample points 
(Figure 3 with bathymetric base). The selection of 
sample points is chosen base on Geographical 
condition: open sea (ex: 5, 6, 14, 15), inner water 
(ex: 1, 8, 10), gulf (ex: 9), strait (ex: 4), 
Bathymetric: deep sea (ex: 13, 14), shallow sea (ex: 
1) Oceanographic condition: Indonesian 
Throughflow from Pacific Ocean (ex: 8, 9, 10, 11, 
12), Monsoon Throughflow (ex: 1, 2, 3), Outer 
Indonesian Seas (ex: 5, 6, 7).  
RESULTS AND DISCUSSION 
To measure the quality of the ISSH data, is by 
evaluating each pass of the multi satellite. Figure 
4 shows an example of data analysis along with the 
footprint by capturing TOPEX data with passes 14, 
64, 12 and 62. On pass 14 that passes through the 
open and deep sea, visible data recorded from 
various cycle shows very small bias and data is 
continuous (there is no gap of data coverage). 
A slightly different phenomenon shown in pass 64 
where the data in open and deep sea of Indian 
Ocean appears to have a very small bias between 
different cycle data. 
The data experienced a gap as it passed the 
island of Java and showed great cycle bias as it 
passed through the shallow Java Sea although it 
was rather open. At this pass 64, the data gap 
reappeared as it passes through the Bangka 
Belitung Islands, experiencing a more volatile cycle 
bias in the South China Sea compared to the 
fluctuate one in the Java Sea and data gap 
reappearing as it enters the mainland region of 
Thailand. For the pass 12 it is seen that the data 
has a gap as it passes through the mainland and 
has a very fluctuating cycle bias as it passes through 
the islands and bays of East Nusa Tenggara and 
Sulawesi. As for pass 62, again, visible data gap as 
it passes through the land area, experiencing a large 
fluctuation as it passes through the bay and small 
islands in Irian Jaya, and again shows a small cycle 
bias in the Pacific Ocean. Overall, the altimetry 
satellite data of each cycle indicates a gap when 
entering land area, indicates bias between cycle 
when entering a shallow area in open sea where the 
cycle bias becomes larger as approaching the land 
area or being in a closed zone, and latter showing a 
very small cycle bias phenomenon when passing 
through the deep and open sea area.  
 
Figure 3. Point distribution. 
Figure 4.  Example of selected descending pass for analysis..
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From Figure 2, it is seen that the value of 
MSSH has changed from the highest value in the 
range of 80 meters in the eastern part of Indonesia, 
precisely around Papua and subsequently 
decreased to a value of 40 meters to the northern 
part, namely North Pacific Ocean and to the western 
part and south-western part of Papua in the western 
of Kalimantan and northern parts of Java Sea. To 
the southern part of Papua, this value interval 
covers the northern part of Australia. The MSSH 
value shows a decreasing rate to western Indonesia 
up to a value of -45 meters in the western water of 
Sumatra.  
The decreasing MSSH values from the eastern 
part of Indonesia to the western part shows The 
majority of gradual decreases in rate, except in the 
area between Halmahera and Sulawesi, namely 
Halmahera Double Subduction Area, which is 
estimated as a result of the relatively small amount 
of altimetry satellite data for closed sea areas 
compared to open ocean. After subtracting the ISSH 
value from the MSSH value, the SLA value is 
obtained. Variations in SLA values can be described 
in two components, namely short wavelengths that 
are affected by waves/weather conditions / extreme 
weather conditions/wind pressure and long 
wavelengths that are affected by changes in 
seawater circulation, seasonal climate, global 
warming and sea-level rise (Bond & Harrison, 2000; 
Hamlington, Leben, Strassburg, Nerem, & Kim, 
2013; Hu & Deser, 2013; IPCC, 2007; IPCC Working 
Group 1 et al., 2013; Saji, Goswami, 
Vinayachandran, & Yamagata, 1999; Sarsito et al., 
2018; Strassburg et al., 2015). 
 
Figure 5.  Sea level anomaly linear trend. 
In this study, only the components of long 
wavelength will be discussed, considering that the 
SLA used is a monthly average from 1992-2018. 
Figure 5 shows the linear trend of SLA in 
Indonesian water, with a range of positive values 
between 1 mm/yr up to 9 mm/yr. This shows that 
the Indonesian region has various sea level anomaly 
that also becomes a representation of the sea level 
rise phenomenon with varying values for different 
geographical conditions. In the majority of the 
coastal regions, there is a bias with a similar rate to 
the SLA increasing rate, this phenomenon is caused 
by an imperfection in altimetry satellite data 
recording that returns to the receiver as a result of 
noise caused by reflections of the land and sea 
transition zones.  
SLA rate decreased from the eastern part of 
Indonesia to the west, with fluctuations ranging 
from 4 mm/yr to 6 mm/yr in the Java Sea region 
and 3 mm/yr to 4.5 mm/yr for the South China Sea 
and the Indian Ocean. To get an overview of the of 
temporal-spatial variations distribution from the 
Indonesian SLA, further SLA variations are 
estimated for  several sample points with various 
condition (Figure 6 and Figure 7), SLA variations 
in monthly and annual activities (Figure 8) and 
cross sections for certain latitudes are expected to 
represent the island region phenomenon  
(Figure 9). 
Figure 7. Overall, the 15 sample point 
distributions, the linear SLA trend shows positive 
rates. The SLA for the Java Sea and the Flores Sea 
(Figure 6 (A-H)), although located equally in the 
open sea enclosed by islands in the northern and 
southern parts, have slightly different rate of 4.5 
mm/yr and 4.9 mm/yr where this is due to different 
bathymetry conditions, namely the Flores Sea is 
deep (-0.351 km depth) while the Java Sea is 
shallow (-0.125 km depth). In Natuna Sea nearby 
the small islands with -0.040 km depth and at the 
South China Sea with -0.073 km depth show SLA 
rate in between 3.9 mm/yr to 4.3 mm/yr that 
indicate almost the same increasing pattern of sea-
level rise on both areas even though in between 
small islands 
For the sample points in the Indian Ocean with 
-5.067 km depth until -6.242 km depth (Figure 6 
(E-F-G)) shows SLA rate with positive linear trends 
ranging from 3.4 mm/yr to 4.5 mm/yr from west to 
the east. For narrow or closed areas are represented 
by sample points in Makassar Strait with -2.359 km 
depth (Figure 6 (D)), Tomini Gulf with -5.114 km 
depth, Banda Sea with -4.716 km depth, Maluku 
Sea with -2.596 km and Seram Sea with -0.742 km 
depth (Figure 7 (I-J-K-L)) have SLA rate for about 
5.3 mm/yr, 5.1 mm/yr, 4.3 mm/yr, 5.2 mm/yr and 
4.5 mm/yr. The lowest SLA rate represents at the 
Tomini Gulf since that area almost completely close 
area even though have deepest bathymetry depth 
compare to other areas. The last group of examples 
is at Celebes Sea with -4.968 km depth (Figure 7 
(M)) and Pacific Ocean with -2.9 km depth and -
3.406 km depth (Figure 7 (N-O)) that represent the 
open and deep ocean. The SLA rate from the 
Celebes Sea is 5.0 mm/yr show the effect of rather 
open coverage area and at the Pacific Ocean show 
almost the same rate for about 4.9 mm/yr. From 
each sample, can be concluded there was a positive 
correlation between the SLA trend rate with the 
geographical position of the ocean and the local 
bathymetry. For open geographic areas, it has a 
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tendency to detect higher SLA values compared to 
closed seas, whereas for bathymetry conditions it is 
a boosting factor of SLA that is shallower than the 
effect to SLA change is smaller. Based on the time 
series data it appears that for closed and shallow 
areas in the Eastern part of Indonesia, sensitivity to 
climate changes due to phenomena such as La Nina 
and El Nino is very clear, this is demonstrated by 
the extreme SLA values in the sample area. Same 
with open sea areas as samples in the Pacific Ocean 
that show sensitivity with SLA values fluctuate 
during seasonal changes from El Nino and La Nina. 
The SLA rate in the Indonesian region provides 
values that vary between 3.4 mm/yr to 5.3 mm/yr 
that higher than 3.2 mm/yr global SLA rate. 
Interannual signal appears in all observation 
samples, with a repetitive pattern clearly seen each 
year in each of the graphs in Figure 6 and Figure 
7. 
 
  
Figure 6.  Sea level anomaly at (A) Java Sea, (B) Natuna Sea, (C) South China Sea, (D) Makassar Strait, (E-F-G) Indian 
Ocean and (H) Flores Sea. 
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Figure 7. Sea level anomaly at (I) Tomini Gulf, (J) Banda Sea, (K) Maluku Sea, (L) Seram Sea, (M) Sulawesi Sea, (N) 
North Pacific Ocean and (O) North Pacific Ocean. 
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Figure 8.  Sea level anomaly January – December 1992-2018. 
 
Figure 9.  Sea level anomaly profile at latitude 0˚ (left) and at latitude -10˚ (right). 
 
The SLA time series are shown in Figure 6 and  
Figure 8 shows the monthly SLA pattern for 
the Indonesian region from January to December 
with a range of values in the interval of -0.12 m to 
0.12 m. For the eastern part of Indonesia covering 
the southern part of Papua to Halmahera Sea, 
seasonal patterns are seen, which are of minimum 
value starting from the middle of June to the peak 
at the end of November indicating the east season/ 
dry season and the maximum value from December 
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to May which signifies the west/ rainy season for 
this region. The minimum value pattern moves in 
spread up direction to the western part of Indonesia 
up to west Sumatra water in stages from July to 
September, and shifts to the south of Java Sea in 
October. This shows the change of pattern from dry 
season to the rainy season in October. For the 
western part of Indonesia, seasonal patterns are 
also clearly visible. The South China Sea, the 
western part of Sumatra, the Java Sea and the 
Indian Ocean which in minimum value starting from 
April to the peak at the end of August which signifies 
the east season/dry season and has a maximum 
value from September to April indicating the west 
season/rainy season for this region. This pattern 
shows an increase in the value of SLA caused by the 
increasing of water debit due to the rainy season. 
Figure 9 shows the cross-section of the SLA at 
latitude 0˚ which represents a large area through 
the islands while the -10˚ latitude represents the 
open ocean region. At latitude 0˚ starting from the 
western part of Indonesia, namely the territorial 
waters west of Sumatra through Natuna Sea - 
Kalimantan - Makassar Strait - Tomini Gulf - 
Halmahera, seasonal variations in SLA from January 
to December are not very fluctuating in general. A 
slight change in pattern is seen in the Natuna Sea 
region due to its nature which is somewhat more 
open than other straits that are crossed by this 
latitude. From April to August the minimum pattern 
is seen for the western part of Indonesia and the 
maximum pattern from September to March, this 
corresponds to the spatial pattern discussed earlier, 
namely the dry season in April-October and the 
rainy season in September-March. At latitude -10˚, 
the fluctuations pattern in increasing or decreasing 
in SLA rate are more pronounced for the open 
ocean. The same phenomena were seen in April to 
August, the minimum pattern was seen for the 
western part of Indonesia and the maximum pattern 
in September to March with a larger range than at 
latitude 0˚. This indicates that the sensitivity of 
altimetry satellite data is very high for deep - open 
ocean areas than in closed – narrow - shallow area.  
CONCLUSION 
Characteristics of SLA temporal ratio in 
Indonesian waters vary according to geographical 
location, bathymetric depth and following the 
seasonal pattern. For open-ocean and deep-sea 
areas, variations in SLA are very sensitive to 
seasonal patterns including the phenomenon of sea-
level rise and El Nino - La Nina, especially in waters 
in northern Papua. Whereas for closed sea areas, 
narrow seas and shallow seas, variations in SLA 
have lower sensitivity than open-deep ocean areas. 
From April to August the minimum SLA pattern is 
seen for the western part of Indonesia and the 
maximum pattern from September to March, this 
corresponds to the spatial pattern, namely the dry 
season in April-October and the rainy season in 
September-March. The SLA rate in the Indonesian 
region varies from 3.4 mm/ yr to 5.3 mm/ yr which 
shows a higher value than the global SLA which 
ranges from 3.2 mm / yr. The impact caused by this 
at this time needs to be considered given the 
vulnerability of the land and sea transition areas in 
the territory of this archipelago. 
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